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ABSTRACT. Solitary waves have, for the first time, been
identified in 3D electric field data at the subsolar, equatorial
magnetopause. These nonlinear, bipolar electric field pulses
parallel to the magnetic field occur both as individual spikes and
as trains of spikes. The solitary waves have amplitudes up to ~25
mV/m, and velocities from ~150 km/s to >2000 km/s, with scale
sizes the order of a kilometer (comparable to the Debye length).
Almost all the observed solitary waves are positive potential
structures with potentials of ~0.1 to 5 Volts. They are often
associated with very large amplitude waves in either or both the
electric and magnetic fields. Although most of the observed
signatures are consistent with an electron hole mode, the events
with very low velocities and the few negative potential structures
may be indicative of a second type of solitary wave in the
magnetopause current layer. The solitary waves may be an
important source of dissipation and diffusion at the
magnetopause.

I. Introduction

The magnetopause is a boundary where energy conversion,
mass and momentum transport, and particle acceleration and/or
thermalization occur. Many of these critical processes require the
existence of microphysical phenomena, for example, dissipation
in reconnection. Numerous reconnection simulations (MHD,
hybrid, and full particle) have been performed which indicate the
importance of specific terms, such as the Hall term, electron
inertia and electron pressure [see discussidBifin et al., 2001,
and references therein]. However, despite many years of study,
an observational answer to the question of which small-scale
structures and/or waves provide the dissipation necessary to
break the frozen-in condition, decoupling of the motions of ions
and electrons, to allow reconnection at the Earth’s magnetopause
is still unresolved.Cattell et al. [1995], utilizing ISEE and
Geotail observations of the electric field amplitudes in waves
identified as lower hybrid drift waves and quasi-linear theoretical
expressions for the resulting resistivity, concluded that the waves
were sometimes large enough to provide the required dissipation,
consistent with the conclusions of Treumann et al. [1995] that
lower hybrid waves were always able to provide sufficient
resistivity. Another process recognized to be important at the
magnetopause is the diffusion needed to form the low latitude
boundary layer. Recent experimental and theoretical studies
[Treumann et al., 1995;Winske et al., 1995] in this area suggest



that ‘traditional’ wave diffusion due to waves above the ion
gyrofrequency(with the characteristics observed by satellites to
date) may not play a major rolealthough lower frequency
magnetic fluctuations could provide the diffusion.

Solitary waves, bipolar pulses in the electric field parallel to
the background magnetic field, have been identified throughout
the Earth’s magnetosphere at narrow boundaries, such as the
plasma sheet boundarigtsumoto et al., 1994;Franz et al.,
1998; Cattell et al., 1999] and the bow shocB#le et al., 1998],
and in strong currents, such as those associated with auroral
acceleration regionTemerin et al., 1982;Bostrom et al., 1988;
Mozer et al., 1997;Ergun et al., 1998;Bounds et al., 1999]. They
have also been seen at high altitude cusp injectioaite]l et al.,

1999; 2001] and within the solar wintlagneney et al., 1999].
Except in the ion beam regions of the auroral zone, the solitary
waves are positive potential structures moving at velocities
comparable to electrons (1000’s of km/s) and are interpreted to
be an electron hole mode, such as analytic BGK modes
[Muschietti et al., 1999] or evolution of a bump on tail instability

or electron two stream instabilitDfnura et al., 1996; Goldman

et al., 1999; and references therein]. Although the magnetopause
is a narrow boundary with a strong currehg signatures of ion

holes or electron holes have not, to date, been reported to occur
there.

Because the dominant component of the geomagnetic field
near the subsolar magnetopause is inrtbithward direction,
two-dimensional instruments, which measure the component of
the electric field in thespin plane (usually the ecliptic plane),
would not usually be able to observe solitary waves. The
precession of the Polar orbit has provided a unique opportunity to
observe the equatorial subsolar magnetopause with a high time
resolution, fully three dimensional electric field instrun)ern
this letter, we report the discovery of solitary waves at the
magnetopause in this new data set. These solitary waves may
provide an important source of dissipation in the magnetopause
current layer and may contribute to the diffusion of particles
across the boundary to form the low latitude boundary layer.

The electric field and spacecrafibtential measurements
utilized herein were made by the double probe electric field
instrument on the Polar satelliteldrvey et al., 1995]which uses
three pairs of probes, two in the spin plane (approximately the
GSE x-z plane at the subsolar magnetopause) and one along the
spin axis (approximately the GSE y direction). This instrument,
which saturates at ~1 V/m, obtains 3D measurements of the
electric field in bursts (waveform capture) of high time resolution
data. In addition to the electric field (potential difference between
opposing probes), the spacecraft potential was utilized to indicate
changes in densityPederson, 1995]. The delay times between
signals at opposing probes were examined using a cross-
correlation analysis to estimate the propagation speed of electric
field structures, utilizing an automatic program, which examined
the parallel component of the electric field data in magnetic field-
aligned coordinate systendegtermined using the measured
magnetic field at the highest time resolution). The largest
velocities which can be measured correspond to the resolution of
the time delay and are approximately 2500 km/s. Events where
no time delay could be measured are included in statistics as
‘infinite velocity.” The automatic program used to calculate



velocity also determines the structure wiéttbm the velocity and

the time duration and solitary waveotential by integrating the
parallel electric field. Note that the method yields scale sizes
which are approximately a factor of 4 larger than those obtained
when the potential is fit to a Gaussian because the duration of the
solitary wave is based on the gradient in the parallel electric field
changing sign rather than on the Gaussian half-wiBécause

the solitary waves are 3D structures and the spacecraft will only
rarely cut through the center of a structure, the potential
amplitudes are usually underestimated. Details of this procedure
and sample cross-correlation analysis are described elsewhere
[Dombeck et al., 2001]. DC magnetic field data were obtained
from the fluxgate magnetometersRugsell et al., 1995]. Solar

wind parameters from ACE and WIND were obtained from the
CDAWeb .

Il. Observations

An example of an equatorial magnetopause crossing on
4/2/2001 at 9.4 Re and 11.6 MLT when the interplanetary
magnetic field (IMF) was southward is presented in Figure 1. The
transition from the magnetosphere (low density) to the
magnetosheath (high density) can be clearly seen in panel a, the
negative of the spacecraft potentiahose absolute value
decreases as the density increases [Pederson, 1995]. The
transition is also clear in the magnetic field in geocentric solar
magnetospheric (GSM) coordinates (panels b-e). The electric
field waveform capture sampled at 1600 samples/s (shown in
magnetic field-aligned coordinates in panels f-h) was obtained
throughout the magnetopause current layer, and part of the ~34s
burst extended into the magnetosheath. The waves in the
perpendicular components are very large with peak-to-peak
amplitudes up to more than 200 mV/m. Most of the power in the
electric field is at frequencies of <560 Hz, consistent with lower
hybrid waves. The search coil magnetic field data (not shown)
has bursts of waves near the electron cyclotron frequency in the
magnetic field minima. These waves can also be seen in the
Fourier transforms of the electric field when the larger amplitude
low frequency electrostatic waves and the broadband signature
due to the solitary waves don’t mask them. In order to see the
solitary wave signatures, it is necessary to look at shorter
intervals of the parallel component in the time domain data, as
shown in the bottom panéhote that the time scale is different
from the upper panels). The typical bipolar signature can be
clearly seen. There are several isolated solitary waves in addition
to a train of spikes with peak-to-peak amplitudes up to 20 mV/m.
The solitary wave speeds were too high for a time delay to be
observable in this low data rate burst.

The top panel in Figure 2 shows the negative of the spacecraft
potential and the next four panels plot the magnetic field in GSM
at a magnetopause crossing, during southward IMF, on 3/12/2001
at 9.3 Re and 13.2 MLT. The top five panels cover a period of 7
minutes. The bottom panel plots 0.12 s of the parallel electric
field from the ~5s waveform capture obtained at the
magnetopause crossing, just prior to the location wher€.B
Solitary waves had amplitudes of ~0.5 - 3 mV/m and velocities of
~250 km/s ->2000 km/s, northward and duskward away from the
equatorial plane. All the solitary waves were moving in the same



direction, and all were positive potential structures with
amplitudes of ~0.1-1 V. The waves in the perpendicular
components (not shown) had amplitudes up to 30 mV/m with
peak power below ~100 Hz.

An example of a waveform capture obtained at a
magnetopause crossing on 4/8/2001 during northward IMF is
shown in Figure 3. The solar wind speed measured on ACE was
~750 km/s. The transition from the low-density magnetosphere to
the high-density magnetosheath occurred near 19:06, and, at this
time, the magnitude of the magnetic field reached a minimum.
During this interval, the turbulence is the magnetic field
maximizes. An expanded view of 0.05s of the field-aligned
component of the electric field (from a 3s burst obtained at 8000
samples/s) shows a number of small amplitude (up to 4 mV/m
peak to peak) solitary waves. The solitary wave velocities ranged
from ~500 km/s to >2000 km/s. Approximately half were moving
along the field in the northward direction, away from the
equatorial plane, while the others were moving southward. Most
of the solitary waves were positive potential pulses with
amplitudes of ~0.1-5 V. During this crossing, several solitary
waves with negative potentials occurred.

Solitary waves & observed at almost all magnetopause
crossings when waveform capture data were taken. During March
and April, 2001, Polar repeatedly encountered the subsolar
magnetopause. There were ten cases when high time resolution
waveform captures were obtained at or near the crossing. A study
of these ten bursts showed that six had solitary waves that were
identified by the automatic program and three others have
signatures that could be identified by eye. Most waveform
captures occurred on the magnetospheric side of the
magnetopause current sheet or at partial crossings of the
magnetopause within the magnetosphere.

I1l. Discussion and Conclusions

We have reported the first observations of nonlinear, bipolar
electric field pulses (‘solitary waves’) at the Earth’s
magnetopause. The solitary waves have amplitudes up to 25
mV/m, and velocities from ~150 km/s to >2000 km/s. The scale
sizes are the order of a kilometer, which is comparable to the
Debye length for the usual range of plasma conditions at the
magnetopause. Almost all the observed solitary waves are
positive potential structures with potentials of ~0.1 to 5 Volts.
Positive potential solitary waves moving with velocities of
1000’s of km/s are consistent with electron phase space hole
modes Muschietti et al., 1999] which propagate at speeds
comparable to the electron thermal speed. The fact that there are
events that propagate at slow speeds (a few 100 km/s) and a few
negative potential solitary waves may indicate that there are also
other classes of solitary waves in the magnetopause current layer.
The slow speeds are comparable to ion thermal speeds which
suggests that some solitary waves may be ion mdttesn[ey et
al., 2001] or associated with a cold (few eV) electron population.
The large spread in the observed speeds may be due to the
mixture of magnetosheath, magnetospheric and ionospheric
particles, which can occur in the magnetopause current layer
[Fuselier, 1995].Cattell et al. [1999] discussed the relationship



between solitary wave speeds, the sign of the potential and
possible wave modeslote that the wave speeds are determined

in the spacecraft frame and a complete understanding of the
mode of the solitary structures will require determination of the
speeds in the plasma frame. The solitary wave speeds, however,

are usually much faster than average speeds of either the
magnetopause boundary or the plasma in thisregion.

Simulations of electron phase space ho@sra et al., 1996;
Goldman et al., 1999; and references therein] demonstrate that
they interact strongly with particles, resulting in particle trapping
and heating. Both simulations and observatid@earljson et al.,

1998 ] of electron holes in the auroral zone show that the
electron holes result in a transfer of energy between the electron
beams and the ions. Although the amplitudes of the solitary
waves at the magnetopause are not as large as have been
observed elsewhere in the magnetosphere (>100's mV/m), they
may play an important role in anomalous processes, such as
dissipation and diffusiorecause electron holes occur in large
numbers and even small amplitude holes dramatically affect the
electron distribution function.

These Polar observations at the magnetopause provide strong
support for the need to obtain three-dimensional measurements of
the electric field, particularly at the narrow boundaries in the
magnetosphere. Solitary waves have been shown to be a
ubiquitous wave mode in current layers and boundaries. They are
critical to an understanding of the kinetic physics of these
regions. Without measurements of the out-of-the-ecliptic
component of the field, solitary waves can not usually be
observed at the magnetopause. This is probably the reason why
previous satellites, which have observed solitary waves elsewhere
in the magnetosphere (i.e. Geotail and Wind), have not reported
such observations at the magnetopause. Because large amplitude
waves often occur in the out-of-the-ecliptic component, the lack
of 3D measurements may provide an explanation why researchers
have concluded that wave amplitudes observed at the
magnetopause may be too small to provide the required
anomalous transport.
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Figure Captions

Figure 1. A magnetopause crossing on 4/2/2001. From top to
bottom the panels are: The negative of the spacecraft potential;
the magnitude of the magnetic field and the three components of
the magnetic field in GSM; the three components of the electric
field in magnetic field-aligned coordinates (z along the field)
during the waveform capture; and an expanded view of the field-
aligned component of the electric field for 0.12s to show an
example of the solitary waves.

Figure 2. A magnetopause crossing on 3/12/2001. From top to
bottom the panels are: The negative of the spacecraft potential;
the magnitude of the magnetic field and the three components of
the magnetic field in GSM; and an expanded view of the field-
aligned component of the electric field for 0.12s to show an
example of the solitary waves.

Figure 3. A magnetopause crossing during northward IMF on
4/8/2001 (same format as Fig.2).
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